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Abstract

Globe temperature is one element of the heat stress index, the Wet Bulb Globe Temperature, which
is used to evaluate how radiation adds to thermal discomfort in the workplace. As the measurement of
globe temperature is not standardized, empirical equations were introduced to estimate the globe tem-
perature from weather factors, including air temperature, solar radiation and wind speed. As it was not
known whether these equations were applicable in an urban park environment with vegetation, we ob-
served the globe temperature using a set of instruments in three parks. The observation along with the
heat balance analysis of the globe revealed that the globe temperature depended curvilinearly on solar
radiation and that wind speed influenced this dependence. We compared two previously proposed
empirical equations to the observed globe temperature and found both equations had systematic esti-
mation errors. Although the errors were reduced by fitting the equations to the observed data and
reevaluating their numerical constants, the equations still had shortcomings, as one did not consider
wind speed and the other included a discontinuity. We therefore derived a new equation based on the
heat balance equations of the globe with its numerical constants experimentally determined. This
equation was able to predict the curvilinear dependence of the globe temperature on global solar radi-
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ation without any discontinuity, and it also showed the globe temperature response to wind speed.
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1. Introduction

Thermal indices have been introduced to predict the
risk of heat stress on human health in environments
where humans exercise. Among them, the Wet Bulb
Globe Temperature (WBGT: Yaglou and Minard,
1957) is a thermal index developed more than 50 years
ago that has been recognized as a standard heat stress
index by public agencies worldwide (Budd, 2008;
1ISO7243, 1989; JIS Z 8504, 1999; Japanese Ministry
of the Environment, 2011) . Calculation of the WBGT
index requires measurement of three parameters: the
natural wet bulb temperature, the globe temperature,
and the air temperature. Because the first two parame-
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ters are not typically recorded by the Japanese network
of meteorological stations, direct evaluation of the
WBGT index is not possible. Some empirical equa-
tions have been proposed to predict the WBGT index
or its parameters from generally observed weather
variables such as air temperature, humidity, wind
speed and solar radiation (Nakai et al., 1992; Takaichi
et al., 2003; Ono et al., 2006; Tonouchi and Murayama,
2008) . Horie and Fujiwara (2010) evaluated the accu-
racy of these four equations in comparison with
WBGT parameters measured on their building roof,
and concluded that the errors of estimation were mini-
mized when the globe temperature calculated by the
formula proposed by Tonouchi and Murayama (2008)
was used to predict the WBGT.

Although the WBGT thermal index thus calculated
gives criteria to avoid the risk of heat stress, it is not
known whether the index can be applied to environ-
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ments having surfaces different from where the equa-
tions were experimentally derived and their numerical
constants were determined. In particular, the environ-
ment of an urban park with vegetation is different from
that in surrounding city zones.

Park environments play an important role in mitigat-
ing the effects of an urban heat island and the thermal
discomfort felt in its vicinity (Eliasson and Upmanis,
2000; Nagatani et al., 2008), and their climate itself
invites people to a park for leisure or exercise. It has,
however, not been discussed whether the standard
empirical equations used to estimate the globe temper-
ature for predicting the WBGT index could be applied
to an urban park environment. Changes in wind regime
and/or surrounding ground temperature would affect
the globe temperature through convection and long-
wave radiation exchange.

In this study we observed the globe temperature and
weather factors in three parks and investigated the
response of the globe temperature to the weather fac-
tors by heat balance analysis of the globe. We then
examined two previously proposed empirical equations
(Takaichi et al., 2003; Tonouchi and Murayama,
2008) and discussed reasons for disagreement between
the predictions using these equations and the observa-
tions. Finally we proposed a new equation based on
heat balance equations of the globe to predict the globe
surface temperature.

2. Materials and Methods

2.1 Measurement of globe temperature and weather
variables

We conducted the experiment from 8 to 10 Septem-
ber 2011 at three parks, each of a different size, in the
city of Tsukuba: Doho park (20 ha), Ninomiya park
(4 ha) and Kitamukai park (0.5 ha). Air temperature
and relative humidity were measured with a thermistor
sensor RTR-52A and RTR-53A (T & D, Matsumoto,
Japan) installed in an aspirated radiation shield (Mu-
rakami and Kimura, 2010). Globe temperature was
measured with an RTR-52A thermistor inserted in a
Vernon type globe with a diameter of 150 mm. Solar
radiation and wind speed were measured using the
weather station system “Vantage Pro2” (Davis Instru-
ments, San Francisco, USA) with a solar radiation
sensor and a cup anemometer. Each instrument was
placed at a height of 1.5 m above open sunlit turf grass
in each park. The recording interval was 5 seconds for

air and globe temperature and relative humidity, but 1
minute for wind speed and 10 minutes for solar radia-
tion because of the restrictions of the data logging
procedure. In general, a 10-minute interval is too long
to accurately measure variable solar radiation, so we
did not use the instantaneous record, but three consecu-
tive records at 10-minute intervals collected when solar
radiation was continuously stable. A 20-minute mean
value was calculated from the three records by assum-
ing a linear change between two adjacent records. Ac-
cordingly, all of the other variables were averaged over
20 minutes.

2.2 Calculation of the heat balance of the globe and

the surrounding ground surface

We assume that the globe is placed above an open
flat surface where the globe can view only the sky and
the ground. The variables, which are not explained
below, are compiled on a list of symbols.

Heat balance at the globe surface is given by:

S+L+H=0 (L
where S is short-wave radiation flux, L is long-wave
radiation flux and H is convective heat flux.

By reference to previous studies (Toriyama et al.,
2001; Ohashi et al., 2009; Gaspar and Quintela, 2009),
short-wave radiation flux S on the globe surface is
given by the sum of three components, namely, the
direct beam from the sun, diffuse radiation from the
sky and the reflection of short-wave radiation from
below (Eq. (2)):

Sqi S
S =ay Snor 4ot Dref (2)
4 2 2

Note that the flux density of S, is based on the sur-
face perpendicular to the solar beam, whereas Sg;; and
Srer are based on a horizontal surface. The constant in
the denominator of the first term in the parentheses
results from the ratio of the projected globe area per-
pendicular to the direct solar beam (nr?) to the surface
of the globe (4nr?) and the constants in the denomina-
tor of the last two terms from the view factor of the
globe surface relative to the sky and that to the ground
surface, respectively. When the global solar radiation
S, at the horizontal surface and the albedo a, of the
surrounding ground surface are used instead of S, and
Sret » EQ. (2) is rewritten as:

S, — Sy Sgi
S=aq o Pdif | dif +a'S° (3
4cosf 2 2
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Long-wave radiation flux L on the globe surface is
given by Eg. (4). Again, the constants in the denomi-
nator correspond respectively to the view factor of the
globe relative to the sky and to the ground.

Lsky EngTér 4
ngg{TJrT—o-Tg @)

Convective heat flux H in Eq. (1) at the globe sur-
face is given by Eq. (5):

Hg = pc,Cru(T, -Ty) )

The bulk coefficient of the globe Cy in Eq. (5) is
calculated from the empirical form proposed by Tori-
yama et al. (2001):

Cy =0.0156U 082 (6)

In order to calculate Eq. (4), the surrounding
ground surface temperature Ty is required. The heat
balance at the ground surface is given by:

1-a)s, +ggr(|_Sky —o-Tg4r): Hgr +IE+G
(7)

where IE is latent heat flux and G is ground heat flux.

By introducing the Bowen ratio £ and assuming that
the heat flux G into the soil is 30% of the net radiation
at the ground surface (Oke, 1987), Eq. (7) can be
rewritten as follows:

0.7 {(1— q )So + ggr(Lsky - O-Télr )}
Hor ®

Convective heat flux Hy, in Eq. (8) is calculated us-
ing a bulk transfer equation.

Hyr = p¢,ClU(Tgr ~Ta) (9)

C’y in Eq. (9) is a transport coefficient for a grass
field with a plant height of 0.1 m in calm and unstable
conditions (Kondo, 2000) .

Ciy =0.0065(Ty, —T, (10)

Equation (10) can be applied to wind speeds below
2.0 ms™.. In this study, the observed mean wind speed
was 0.57 m s %, the maximum wind speed was 1.3 ms %,
and no measurement exceeded 2.0 ms ™.

2.3 Weather variables and parameters used in the
model calculation

Diffuse solar radiation Sgj is required to calculate Eq.

(3), but no diffuse solar radiation was measured in the

experiment. We first calculated both direct and diffuse
solar radiation for a clear sky from Eqs (11) and (12)
given by Campbell and Norman (1998) using 1365 W
m2 for the solar constant and 0.7 for atmospheric
transmittance. We then estimated the diffuse solar
radiation by multiplying the observed global solar
radiation by the ratio of Sy to the sum of Sy and Sgj
calculated from the following equations.

Sq =Spor" COSO (11)

Sdif =0.3(1—Tm)5p0 cosé (12)

The solar zenith angle for the experimental place
and time was obtained from the website of the Ephem-
eris Computation Office, Public Relations Center, Na-
tional Astronomical Observatory of Japan (http://eco.
mtk.nao.ac.jp/koyomi/index.html) .

Long-wave sky radiation Ly, in Eq. (4) is calculat-
ed from Brunt’s equation (Brunt, 1939) with air tem-
perature T, and water vapor pressure e at ground level
according to the parameters of Watanabe (1965) :

Lyy = (0.52+0.063/& o7} (13)

In the model calculation, the values of 0.92 and 0.95
were used for the absorptivity (Toriyama et al., 2001)
and the emissivity (Ohashi et al., 2009) of the globe
surface, respectively. The albedo and the emissivity of
the surrounding ground used 0.2 (Munn, 1966) and
0.95 by assuming a grass surface.

3. Results and Discussion

3.1 Verification of the heat balance model of the
globe

For comparison with the observations, the globe and
the surrounding ground surface temperature were cal-
culated by giving air temperature, humidity, solar radi-
ation and wind speed observed in the experiment. The
Bowen ratio was introduced to simulate the change in
wetness and resultant surface temperature of the sur-
rounding ground in the heat balance model. As we did
not observe the Bowen ratio in the experiment, we first
determined the Bowen ratio so as to minimize errors in
estimating the globe temperature by the model. The
root mean square error (RMSE) of estimation became
the smallest at a Bowen ratio of 1.1. The Bowen ratio
thus determined corresponds to that obtained on a dry
grass surface in the previous studies (e.g. Inoue et al.,
2004). Our experiment sites were covered with turf
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grass, which had often been mowed but not artificially
irrigated. At the time of the experiment the grass sur-
face was dry so that the value of 1.1 is considered to be
in a reasonable range of the Bowen ratio in this study.
The predicted globe temperature by the heat balance
model was compared to that observed in Fig. 1 where
RMSE was at its minimum of 1.2°C at the Bowen ratio
of 1.1. Figure 1 indicates that the heat balance model
developed here can properly simulate the response of
the globe temperature to weather variables in three
different parks and the site-specific deviation of pre-
diction errors across the experiment sites was not sig-
nificant.
3.2 Dependence of globe temperature on weather
conditions and ground surface temperature
Previously proposed empirical equations were de-
rived from observations in a dry greenhouse (Takaichi
et al., 2003) or on the roof of a building (Tonouchi
and Murayama, 2008), whereas our data were collect-
ed in green parks. One can speculate that wind condi-
tions and/or the surrounding ground surface tempera-
ture would differ among these sites and thus would
affect the globe temperature through convection and
exchange of long-wave radiation. To evaluate the ef-
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Fig. 1. Comparison of the globe temperature predict-
ed by the physical model to that observed. Symbols
denote the data observed in three different parks.
The globe temperature is predicted by using the ob-
served air temperature, solar radiation, wind speed
and water vapor pressure as input variables and the
Bowen ratio fixed at 1.1.

fects of wind and surrounding ground surface condi-
tions, we conducted the analysis using the heat balance
model.

Suppose that the globe is similarly exposed to wind
and sunlight in an open space, whether in a park or on
a building roof. In the model calculation, air tempera-
ture was fixed at the mean value of 30.3°C averaged
over the observed data from 27.6 to 33.3°C, and water
vapor pressure was also fixed at the mean value of 23.1
hPa averaged over the observed data from 13.5 to 30.0
hPa and the Bowen ratio at 1.1 as determined above.
Direct and diffuse solar radiation was calculated from
Egs (11) and (12) by changing the solar zenith angle
under an assumed clear sky.

Since the globe temperature largely depends not on-
ly on solar radiation and/or wind speed but also on air
temperature, we plotted the globe minus air tempera-
ture difference (T,~T,) as a function of solar radiation
(Fig. 2). The observed Ty—T, is shown separately for
wind speed ranges above and below 0.5 m st in Fig. 2.
The calculated T,~T, by the heat balance model was
also plotted in the same figure for a wind speed of 0.2,
0.57 and 1.3 ms*; each corresponding to the minimum,
mean and maximum wind speed observed in the exper-
iment.

20 =
L
L]
O 15
2 T L ¥ - o3 S
S
& 10 f
Q_ * U<05 ms!
E" 5t ° Uz0.5 ms!
(3 ===U=02 ms!
o " m N
—U=057 ms” |
F’/ """ U=13 ms'
-5
0 200 400 600 800 1000
Solar Radiation (W m2)
Fig. 2. Effects of wind speed on the relationship

between the temperature difference (T,~T,) and
global solar radiation calculated by the physical
model. The Bowen ratio is fixed at 1.1. The black
dots indicate the observed data for a wind speed
range below 0.5 m s and the open diamonds
above 0.5 ms™.
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Both the observed and the calculated Ty-T, similarly
responded to the change in solar radiation curvilinearly.
As represented in Eq. (3), the curvilinear response of
T4~ Ta to solar radiation results from the term that in-
cludes the cosine of the solar zenith angle 6. This re-
sponse is considered to be significant as a behavior of
the globe temperature in relation to solar radiation.

The observed Ty-T, in Fig. 2 tended to increase as
wind speed decreased and suggests that wind speed
had an influence on the curvilinear response to solar
radiation. The influence of wind speed was more clear-
ly explained by the model calculation. The variation
induced by changes in wind speed became large as the
solar radiation increased.

We then evaluated the effect of the surrounding
ground surface temperature on the globe temperature
by altering the Bowen ratio in the range between 0.2
for well-watered turf grass (Kondo, 1994) and 5.0 for
an asphalt surface (Kondo, 1994) . Figure 3 shows the
temperature difference (T,~T,) calculated for three
levels of the Bowen ratio at a wind speed of 0.2 m st
the observed minimum (top) and of 0.57 m s, the
observed mean (bottom). At a larger wind speed the
curves were similar to those in Fig. 3, but Ty~T, de-
creased and the distance between the curves became
closer (data not shown).

The globe temperature depended on the surrounding
ground surface temperature, especially when the solar
radiation was intense, and the globe temperature in-
creased as the Bowen ratio became larger (Fig. 3). For
example the globe and the ground surface temperature
calculated by the model was 44.3°C and 41.2°C at a
Bowen ratio of 0.2, 46.4°C and 55.3°C at 1.0, and
475°C and 62.0°C at 5.0, respectively, when solar
radiation was 900 W m and wind speed 0.57 m s™.
The increase of the globe temperature accompanied by
an increased Bowen ratio, however, tended to diminish.
As seen in Fig. 3, the distance between the curves for
=0.2 and #=1.0 was much larger than that between
the curves for p=1.0 and f=5.0, and the curve for a
Bowen ratio larger than 5.0 was close to the curve for
5.0 (data not shown) . This means that the Bowen ratio,
which measures the moisture of the surrounding
ground surface, by itself cannot affect the globe tem-
perature except a surface that is as wet as well-watered
grass vegetation or water surface.

25

Wind speed = 0.2 m 5! -

Temp. Diff. (°C)

0 200 400 600 800 1000

Wind speed = 0.57 m s*!

Temp. Diff. (°C)

s |
—B=10
0 Attt -
4 ===H=50
-5
0 200 400 600 800 1000

Solar Radiation (W m2)

Fig. 3. Effects of the Bowen ratio of the surrounding
ground surface on the relationship between the tem-
perature difference (T,~T,) and global solar radia-
tion calculated by the physical model; at a wind
speed of 0.2 ms™ (top) and at 0.57 ms™ (bottom) .

3.3 Applicability of the previous empirical equa-
tions
Following Horie and Fujiwara (2010), we investi-
gated the following two empirical equations to esti-
mate the globe temperature T

Ty =T, +0.090S, /(1+0.0037S,)  (14)

Ty = To —0.3+0.02568, - 0.18U /2
(so < 400W m—Z)

Ty = Ta +12.1+0.0067S, - 2.400 "/
(s0 >400W m*2)

(15)

Takaichi et al. (2003) proposed Eq. (14) to evalu-
ate the occupational risk of greenhouse workers.
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Tonouchi and Murayama (2008) proposed Eg. (15),
and it is currently in use by the Ministry of the Envi-
ronment to calculate the WBGT index with data from
the Japanese national network of meteorological sta-
tions.

The observed globe minus air temperature difference
(T4~Ta) was plotted as a function of solar radiation in
the three parks together with the functions given by the
two empirical equations in Fig. 4a. Equation (15) was
calculated for four wind speeds, 0, 0.57, 2 and 4 m s,
Equation (14) is a hyperbolic function of solar radia-
tion and disregards wind speed. Equation (15) consists
of two linear bivariate functions of solar radiation and
wind speed; one is used for solar radiation above 400

20 =1 Oms’!
i (@ 057 ms"

15 F 2ms!
8 4ms!
10 f
i [ O Kitamukai
g o F A Ninomiya
& 5 | ‘ X Doho

| R R e Eq. (14)

— Eq.(15)
-5
0 200 400 600 800 1000
10
(b)
) oo
L X &

e-’ 5 F * = "%o : = ’00 “‘,3
Q & &
2 P CID 7 O
E s o
—
d o Ladked Q8,9
= 08
5 ¢ Eq.(14)
=] O Eq.(15)
o) q

-5

0 200 400 600 800 1000
Solar Radiation (W m32)

Fig. 4. (a) Dependence of the temperature differ-
ence (Ty~T,) calculated from the two empirical
equations on global solar radiation. Symbols denote
the observed data in three different parks. The dot-
ted line indicates the calculation by Eq. (14) and the
solid lines by Eq. (15) at four wind speeds.

(b) Errors in estimate [estimated T, from Eq. (14)
or (15) minus measured Ty] as a function of global
solar radiation.

W m and the other for solar radiation below that val-
ue. The two functions are not contiguous at this bound-
ary, and thus show a notable discontinuity especially at
wind speeds near zero.

Comparison of the estimates by the empirical equa-
tions with the observed values clearly showed system-
atic errors (Fig. 4b). The globe temperature was esti-
mated by giving observed solar radiation, wind speed
and air temperature to the empirical equations and the
errors in the estimate [estimated T, minus measured T]
were plotted against solar radiation. Equation (14)
overestimated the globe temperature over almost the
entire range of solar radiation, especially at low radia-
tion intensity. Horie and Fujiwara (2010) reported a
similar result, although their location on a building
roof was different thermally and environmentally from
ours in a green park. Equation (15) also overestimated
the globe temperature, but the error depended to a con-
siderable extent on solar radiation: the errors were very
small for solar radiation below 400 W m, where the
first formula in Eq. (15) was used. Above 400 W m2,
where the second formula was used in Eq. (15), the
errors decreased as solar radiation increased. Therefore,
the errors were largest near the discontinuity where we
switched from one formula to the other. As clearly
seen in Fig. 4a, the slope of the second formula of Eq.
(15) was different from that of the observations,
whereas the slope of the first formula was quite similar
to the slope of the observations.

We first hypothesized that the overestimation by Egs.
(14) and (15) was caused by site-specific differences
in surrounding ground surface conditions such as sur-
face moisture. The former model calculation, however,
did not support this hypothesis, but it suggested that
wind speed was more influential on the relationship
between the globe temperature and solar radiation. One
possible reason for the overestimation is, hence, the
different wind regime at the measurement sites where
the empirical equations and their numerical constants
were derived. In fact, Eq. (14), which has no wind
term, was derived in a greenhouse, and Eq. (15) was
derived from observations made on a building roof.
Wind conditions (especially turbulence) both in a
greenhouse and on a building roof may be considerably
different from those at ground level in a park. The
numerical constants used in the empirical equations
may therefore reflect a bias specific to the site where
they were determined.
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To determine values for the constants applicable to
the urban park environment, we fitted the equations to
the observed data. As Eq. (14) is a non-linear function
of solar radiation, the downhill Simplex method, an
optimization technique to search the minimum value of
a nonlinear function, was used to determine the con-
stants that minimized the sum of squared errors. Multi-
ple regression was used to fit Eq. (15) to the data. The
newly determined constants of Egs. (14) and (15) are
shown in Table 1. The errors in the new estimate were
significantly improved (Fig. 5a and b) : the root mean 0 200 400 600 800 1000
square error (RMSE) of Eg. (14) was reduced from 10
4.3°C to 1.0°C, and RMSE of Eq. (15) was reduced
from 1.6°C to 0.76°C, after the numerical constants
were altered.

The discontinuity in Eq. (15) became small but was
not eliminated, since it is inherent in the form of the
equations. T4—T, calculated with Eq. (14) more closely
followed the observed curvilinear response of the
globe temperature to solar radiation, although it could
not reflect differences related to wind speed. -5
3.4 Development of a new equation

As the analysis based on the heat balance of the Solar Radiation (W m32)
globe revealed that the globe temperature depended
curvilinearly on solar radiation and wind speed influ-
enced this dependence, we derive a new equation to
estimate the globe temperature by rearranging the
equations of the physical model of the globe.

Egs. (4) and (5) were substituted into Eq. (1):

02ms!

13ms!

Temp. Diff. (°C)

(b) * Eq.(14)
O Eq.(15)
3T *+ Eq.(21)

Error in Estimate (°C)

0 200 400 600 800 1000

Fig.5. (a) Dependence of the temperature differ-
ence (Ty—T,) calculated from the two empirical
equations with newly determined numerical con-
stants (see Table 1) and the new equation (21) on
global solar radiation together with the observed
values. Egs. (14) and (15) are plotted for a wind

S+Ly —&g chg4 +h, (Ta -Tq ): 0 (16 speed of 0.57 ms™, and Eq. (21) for wind speeds of

0.2and1.3ms™

(b) Errors in estimate [estimated Ty minus measured

Tyl given by the three equations.

where h=pc,CuU, La=¢y (Lgy+eqroTy ) /2.
Equation (16) is rearranged with respect to the term

(TyTa).
he(Ty ~Ta )+ eq0(Td -T2 )= 4+ Ly — 4072 (he +h Ty —Ta)=S+ Lo —40T2 (18)
17 4
Ty =\S+L, - T, )J/he +h,)+T, (19
The nonlinear term Ty~T,* in Eq. (17) was linear- g ( a5 ) (he +e)+Ta (19
ized according to the Taylor expansion. where hr:4ggcha3.

Suppose that h, is a simple function of wind speed

Table 1. Empirical equations (14 and 15) with newly determined numerical con-
stants and the newly proposed equation (21)

Eq. (14)  Ty=T,+0.0271S,/ (140.000563S,)

Ty=Ta+0.557+0.02775,-2.39U"2 (S,<400W m 2)

T,=T,+6.40+0.01425,-3.83U"2 (S,>400W m )

Eq. (21)  Ty4=T,+ (8,-30.0)/(0.0252S,+10.5U+25.5)

Eq. (15)
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(McAdams, 1954), that is, h,=k,U +k, and solar
radiation and wind speed are only variables available
for the inputs. Then Eq. (19) is reduced to the form:

Ty =(S+ i )/(kU + jp)+ T, (20)

where j;=L,,0Ta", o=k, N

Since global solar radiation S is the only variable
obtainable from weather stations, S must be replaced
with Sy. As suggested by Eq. (14) in Fig. 5a, a hyper-
bolic function adapts flexibly to the nonlinear response
of the globe temperature to global solar radiation. We
incorporated this idea and obtained the new empirical
equation shown below:

Ty =(So +a)/(bSy +cU +d)+T,  (21)

The numerical constants in Eq. (21) were deter-
mined as in Table 1 by fitting the equation to the ob-
served data by the downhill Simplex method and the
resulting curves are shown in Fig. 5a. T,~T, calculated
with Eqg. (21) is able to respond nonlinearly to global
solar radiation without any discontinuity and it also
responds to wind, unlike T,-T, calculated with Eqg.
(14), although the errors in the estimate were of a
similar order among the three equations (Fig. 5b); the
RMSE for Eq. (21) was 0.78°C. Equation (14) re-
quires only two constants but cannot respond to chang-
es in wind speed. Equation (15) requires totally six
constants to respond to solar radiation and wind speed,
while the new equation (21) requires four constants.

As mentioned in section 2.2, the observations were
conducted under a limited range of wind speeds. Wind
speed exceeded 1.0 m s in only five of the 96 obser-
vations, and the maximum observed speed was 1.3 m
s Thus, the numerical constants determined from
those data can be applied to calm wind conditions un-
der which severe heat stress is usually encountered, but
may not be used for wind speed out of the experi-
mental range (wind speed below 1.3 ms™).

4. Conclusion

We investigated the responses of the globe tempera-
ture on the weather conditions and the surrounding
ground conditions as part of a study intended to evalu-
ate heat stress on humans in environments where they
exercise. Since the equations used were originally de-
rived from observations made on a building roof or in a
greenhouse, we examined whether they were applica-
ble to an urban park environment. The two equations

examined here overestimated the globe temperature
experimentally observed in three urban parks. We first
speculated that this overestimation was caused by dif-
ferences in the condition of the surrounding ground,
such as surface moisture, but an analysis of the heat
balance of the globe did not support this speculation.
The globe temperature did increase when the surround-
ing ground surface was dryer, but the increase was too
low to account for the overestimation by the empirical
equations. The heat balance analysis suggested that
wind speed was more influential on the globe tempera-
ture and site-specific difference in wind regime caused
the overestimation of the equations.

When we reevaluated the numerical constants in the
empirical equations by fitting them to the observed
data, the errors in estimate were largely reduced. There
is bias in the constants of these equations, specific to
the site where they were empirically determined, so the
constants need to be reevaluated at each site where the
model is applied. Although we reduced the errors by
reevaluating the constants, there were still inherent
defects in the formulas, including no effect of the wind
and a discontinuity in the predicted nonlinear response
to solar radiation.

Using our physical model of the globe, we then de-
rived a new equation for the globe temperature that
depends nonlinearly on global solar radiation without
any discontinuity and takes into account wind speed.
The numerical constants of the new equation were
determined experimentally by fitting the equation to
the data observed on the dry grass surface in the parks.
Since the heat balance analysis of the globe revealed
that the effect of the surrounding ground surface on the
globe temperature is small except when the surface is
very wet, our proposed new empirical equation is ap-
plicable to environments other than a green park.
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Appendix

List of Symbols

a;: albedo of the ground surface

Cp:  Specific heat of air at constant pressure (J K?
kg™

Cy: bulk coefficient of the globe surface

Cy : bulk coefficient of the ground surface

e: atmospheric water vapor pressure (hPa)

E: evapotranspiration (kgm?s™)

G: ground heat flux (W m?)

h.: convective heat transfer coefficient (W m2K™?)

h,: radiative heat transfer coefficient (W m2K™)

H: convective heat flux (W m?)

Hgy: convective heat flux at the globe surface (W
m?)

Hgr: convective heat flux at the ground surface (W
m?)

I: latent heat (Jkg™)

L: long-wave radiation flux (W m2)

Lsy: long-wave sky radiation flux (W m?)

. optical air mass

r:  radius of the globe (m)

S:  short-wave radiation flux (W m?)

S4: direct solar radiation (W m2)

Sqr: diffuse solar radiation (W m)

Snor: direct solar radiation normal to the beam (W
m?)

S,:  global solar radiation (W m?)

Spo: solar constant (W m?)

Syt reflected solar radiation (W m2)

T,: air temperature (K)

Ty:  globe temperature (K)

Tgr: ground surface temperature (K)

U: wind speed (ms™)

ag: absorptivity of the globe for short-wave radiation

£: Bowen ratio

gg.  emissivity of the globe surface

ggr.  emissivity of the ground surface

#: solar zenith angle (radian)

o Stefan-Boltzmann’s constant (=5.67 X 10 W
m2K™*

p:  air density (kgm™®)

7:  atmospheric transmittance
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